The E4-ORF1 protein encoded by human adenovirus stimulates viral replication in human epithelial cells by binding and activating cellular phosphatidylinositol 3-kinase (PI3K) at the plasma membrane and cellular Myc in the nucleus. In this study, we showed that E4-ORF1 hijacks the tyrosine kinase activities of cellular epidermal growth factor receptor (EGFR) and insulin receptor (InsR)/insulin-like growth factor receptor 1 (IGF1R), as well as the lipid kinase activity of PI3K, to mediate constitutive Myc protein expression. We additionally demonstrated that EGFR contributes to constitutive Myc expression through the capacity of E4-ORF1 to induce ligand-independent EGFR activation and stimulation of the Ras/Mek/Erk pathway, the latter activity of which was conserved by human adenoviruses. Results further suggested that EGFR normally forms a complex with the cellular PDZ protein Discs Large 1 (Dlg1), a component of the Dlg1:E4-ORF1:PI3K ternary complex that mediates E4-ORF1-induced PI3K activation, and that E4-ORF1 binds the Dlg1:EGFR complex and promotes the association of EGFR with InsR and IGF1R. In addition to its role in constitutive Myc expression, InsR/IGF1R also negatively regulates EGFR autophosphorylation and EGFR-mediated Ras/Mek/Erk signaling, and data suggested that E4-ORF1 binding to Dlg1 antagonizes these activities. Collectively, our findings suggest that in human epithelial cells, E4-ORF1 targets EGFR, InsR/IGF1R, and PI3K at the plasma membrane to activate cytosolic signaling pathways that sustain Myc protein levels in the nucleus. We postulate that E4-ORF1-induced constitutive Myc expression functions to ensure the formation of nuclear E4-ORF1:Myc complexes, which have been shown to activate Myc and to enhance adenovirus replication. O ver 60 human adenovirus (Ad) serotypes are classified into seven subgroups (subgroups A through G) based on oncogenic, hemagglutination, and virion structural protein properties as well as genome sequence similarity (1). Ad is a human pathogen primarily associated with mild, self-limited respiratory diseases but additionally causes gastroenteritis, conjunctivitis, cystitis, and skin rashes (1). Certain viral serotypes, such as Ad type 14 (Ad14), can cause life-threatening symptoms that require hospitalization for up to 40% of otherwise healthy individuals (2), and Ad infections of neonates and immunosuppressed patients are associated with high morbidity and mortality rates (3). However, current treatments for severe Ad infections are controversial and carry significant risks for adverse events (1). Ad is also exploited as a vector for vaccination and gene and cancer therapy as well as a tool of discovery to reveal fundamental mechanisms of the cell and mechanisms for cancer development (1).
O
ver 60 human adenovirus (Ad) serotypes are classified into seven subgroups (subgroups A through G) based on oncogenic, hemagglutination, and virion structural protein properties as well as genome sequence similarity (1) . Ad is a human pathogen primarily associated with mild, self-limited respiratory diseases but additionally causes gastroenteritis, conjunctivitis, cystitis, and skin rashes (1) . Certain viral serotypes, such as Ad type 14 (Ad14), can cause life-threatening symptoms that require hospitalization for up to 40% of otherwise healthy individuals (2) , and Ad infections of neonates and immunosuppressed patients are associated with high morbidity and mortality rates (3). However, current treatments for severe Ad infections are controversial and carry significant risks for adverse events (1) . Ad is also exploited as a vector for vaccination and gene and cancer therapy as well as a tool of discovery to reveal fundamental mechanisms of the cell and mechanisms for cancer development (1) .
The Ad early region 4 open reading frame 1 gene (E4-ORF1) encodes a 14-kDa protein required for optimal viral replication (4) (5) (6) . In humans, subgroup D Ad9 is associated with eye infections (1), whereas Ad9 inoculation into experimental animals elicits estrogen-dependent mammary tumors (7, 8) . The first known function of E4-ORF1 was its role as the primary determinant of Ad9-induced tumorigenesis (9) (10) (11) , and the capacity to transform human epithelial cells is a conserved function of Ad E4-ORF1 genes (12) . While E4-ORF1 evolved from a cellular dUTPase that codes for an enzyme of nucleotide metabolism, and E4-ORF1 is predicted to share the dUTPase protein fold, it lacks dUTPase catalytic activity (13, 14) . Instead, E4-ORF1 acquired two functions, the activation of cellular class IA phosphatidylinositol 3-kinase (PI3K) and the cellular transcription factor Myc (4, 6, 15) . E4-ORF1-mediated oncogenic cellular transformation is reported to depend on PI3K activation, whereas E4-ORF1-mediated enhancement of Ad replication is reported to depend on both PI3K and Myc activation (4, 6, 12, 15, 16) .
Two crucial elements in the 125-residue E4-ORF1 polypeptide are domain 2 (D2), defined by 7 centrally located residues, and the PDZ domain-binding motif (PBM), situated at the extreme carboxyl terminus (17, 18) . PI3K activation dually depends on D2 residues and the PBM, whereas Myc activation relies on at least one D2 residue but not the PBM (6, 15, (17) (18) (19) . While the D2 element mediates binding to unidentified cellular factors and also possibly Myc (6, 18) , the PBM interacts with a select group of cellular PDZ proteins to exert two distinct functions: (i) disruption of tight junctions and loss of apicobasal cell polarity induced by the E4-ORF1 monomer sequestering the tight junction-associated cellular PDZ proteins MUPP1, PATJ, MAGI-1, and ZO-2 in the cytoplasm and (ii) PI3K activation induced by the E4-ORF1 homotrimer interacting with the adherens junction-associated cellular PDZ protein Discs Large 1 (Dlg1), forming the Dlg1:E4-ORF1:PI3K ternary complex that translocates cytoplasmic PI3K to the plasma membrane (12, 13, 15, 16, (19) (20) (21) (22) (23) . In the cytoplasm, the Dlg1:E4-ORF1:PI3K ternary complex elevates PI3K protein levels and, upon trafficking to the membrane, stimulates the PI3K/ Akt/mTOR pathway to increase protein translation (12, 16, 19) . E4-ORF1 also localizes to the nucleus, where it forms the E4-ORF1:Myc complex, which elevates Myc protein levels and induces the expression of specific Myc-responsive genes that stimulate anabolic glucose metabolism and nucleotide biosynthesis (6) . Consequently, the ability of E4-ORF1 to activate PI3K and Myc during an Ad infection augments virion production by increasing viral protein expression and viral DNA replication, respectively (4) (5) (6) .
Epidermal growth factor receptor (EGFR) as well as insulin receptor (InsR) and the related insulin-like growth factor 1 receptor (IGF1R) consist of extracellular, transmembrane, and tyrosine kinase-containing cytoplasmic domains. The extracellular domain binds receptor ligands, which are epidermal growth factor (EGF) family proteins for EGFR and insulin or insulin-like growth factor 1 (IGF-1) and IGF-2 for InsR/IGF1R (24, 25) . In their inactive state at the cell surface, EGFR and InsR/IGF1R exist as monomers and covalently linked dimers, respectively. Ligand binding induces conformational changes in the receptors and additionally the dimerization of EGFR, triggering the activation of tyrosine kinase activity and autophosphorylation of the cytoplasmic domain. The phosphorylated tyrosine residues act as docking sites for membrane recruitment of effector proteins that stimulate a variety of signaling cascades, such as the Ras/Mek/Erk and PI3K/ Akt/mTOR pathways, which promote protein synthesis, cell growth and survival, and cell cycle progression (26, 27) . Transphosphorylation of EGFR and InsR/IGF1R and their synergistic coactivation of common effectors, activities known as receptor cross talk, have also been reported (28) . Furthermore, proteins encoded by the Ad early region 1A gene (E1A) and the Ad early region 3 gene (E3) downregulate EGFR and/or InsR/IGF1R (29, 30) , and the Ad type 36 E4-ORF1 protein blocks InsR-mediated tyrosine phosphorylation of insulin receptor substrate 1 (31), although the functions of these effects during the Ad life cycle are not known. Also notable are studies showing that treatment of E4-ORF1-expressing rodent fibroblasts with a PI3K inhibitor drug exposes the capacity of E4-ORF1 to activate the Ras/Mek/Erk pathway and that an undetermined Ad5 gene activates this pathway at the late phase of infection in human epithelial cells (19, 32) .
Here we report that Ad9 E4-ORF1 dysregulates EGFR and InsR/IGF1R in MCF10A cells, a nontransformed human mammary epithelial line that retains the growth and morphological properties of normal epithelial cells. Results indicated that E4-ORF1 hijacks the functions of these receptor tyrosine kinases, and also PI3K, to promote constitutive Myc expression. The latter activity was mediated in part by E4-ORF1 inducing D2-dependent, ligand-independent EGFR activation and stimulation of Ras/ Mek/Erk signaling. In addition, E4-ORF1 targeted a Dlg1:EGFR complex that exists in normal cells and promoted the association of EGFR with InsR and IGF1R, resulting in a postulated E4-ORF1: Dlg1:EGFR:InsR:IGF1R quinary complex, where InsR/IGF1R dampened both EGFR autophosphorylation and Ras/Mek/Erk signaling and where PBM-dependent E4-ORF1 binding to Dlg1 partially relieved these inhibitory effects. We postulate that E4-ORF1-induced constitutive Myc protein expression ensures the formation of optimal quantities of E4-ORF1:Myc complexes, which, by activating Myc in the nucleus, enhance Ad virion production in infected cells (6) .
MATERIALS AND METHODS
Plasmids, antibodies, and inhibitors. Plasmid pBABE-puro or -blasti harboring wild-type (wt) Ad9 E4-ORF1, mutant V125A, mutant H93A, or RasV12 cDNA; plasmid pSUPER.retro.puro harboring Dlg1 short hairpin RNA (shRNA) or matched scrambled shRNA; and rabbit polyclonal antiserum to Ad9 E4-ORF1 were described previously (9, 15, 16, 18, 19) . Commercial antibodies to EGFR, InsR␤, IGF1R␤, Akt, phospho-Akt-(Ser473), p42/44 mitogen-activated protein kinase (MAPK) (Erk1/2), and phospho-p42/44 MAPK(Thr202/Tyr204) (P-Erk1/2) (Cell Signaling Technology, Beverly, MA); phosphotyrosine PY20, SAP97 (human Dlg1), and c-Myc (Santa Cruz Biotechnology, Santa Cruz, CA); or phosphotyrosine 4G10 and actin (EMD Millipore, Billerica, MA) were purchased, as were the inhibitor drugs AG1478 and AG1024 (Calbiochem Biochemicals, San Diego, CA) or LY294002 (LY) and U0126 (Cell Signaling Technology, Beverly, MA), all of which were dissolved in dimethyl sulfoxide (DMSO).
Cells, retroviral vectors, and adenoviruses. Human MCF10A mammary epithelial cells (ATCC) were maintained in complete medium consisting of Dulbecco's modified Eagle's medium (DMEM)-F-12 medium (Life Technologies, Carlsbad, CA) supplemented with 5% horse serum (Life Technologies, Carlsbad, CA), 20 ng/ml EGF (Peprotech, Rocky Hill, NJ), 10 g/ml insulin, 100 g/ml hydrocortisone, 1 ng/ml cholera toxin, and 20 g/ml gentamicin (Sigma-Aldrich, St. Louis, MO). Minimal medium was defined as DMEM-F-12 medium containing gentamicin. Retroviral vectors were produced by transfection of the pBABE and/or pSUPER plasmid into Phoenix-ampho cells (ATCC) using TransIT-LT1 transfection reagent (Mirus Bio, Madison, WI). Cell lines were generated by transduction of MCF10A cells with retroviral vectors followed by selection in complete medium containing 2 g/ml puromycin and/or 25 g/ml blasticidin. For experiments, pools of selected cells passaged five times or less were cultured in complete medium containing 5 ng/ml EGF, and an identical number of cells was plated for comparisons of different cell lines and treatments. Inhibitor treatment of cells cultured in complete medium was performed by the direct addition of the drug(s) to conditioned medium followed by incubation for the indicated times. For inhib-itor treatment in minimal medium, cells cultured in complete medium were washed three times with minimal medium followed by either incubation in minimal medium containing the drug(s) for 1 h or 3 h or incubation in minimal medium alone for 2 h, at which time the drug(s) was added directly to minimal medium for an additional 1 h. Each drug treatment and matched control DMSO vehicle contained an identical volume of DMSO. Ad12, Ad3, Ad5 (wt300), and Ad9 (Hicks) were propagated and titrated in human A549 cells, as described previously (10) .
Cell extract preparation, immunoprecipitations, and immunoblotting. Extracts were prepared by lysis of cells in ice-cold radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris-HCl [pH 8.0], 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS) containing protease inhibitors (2 mM phenylmethylsulfonyl fluoride [PMSF], 20 g/ml each of leupeptin and aprotinin) and phosphatase inhibitors (50 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate) (17) . Protein concentrations in extracts were determined by using a bicinchoninic acid (BCA) protein estimation kit (Pierce Biotechnology, Rockford, IL) and an Epoch microplate spectrophotometer with Gen5 data analysis software (BioTek, Winooski, VT). Immunoprecipitations (IPs) were conducted with protein G-Sepharose beads (GE Healthcare Life Sciences, Piscataway, NJ) or protein A/G magnetic beads (Life Technologies, Carlsbad, CA) (33) . Proteins in extracts (30 or 50 g) or in immunoprecipitates were resolved by SDS-PAGE, transferred onto a polyvinylidene difluoride (PVDF) membrane, and immunoblotted, as described previously (33) . Immunoblotted protein bands were developed with Amersham ECL Prime (GE Healthcare Life Sciences, Cleveland, OH), imaged with a Biospectrum 810 imaging system (UVP, Upland, CA), and quantified with VisionWorksLS software (UVP, Upland, CA). Differences in the amounts of a given immunoblotted protein between samples were determined after normalization to each respective actin band.
Statistical analyses. Microsoft Excel was used to calculate means and standard deviations (SD). R statistical software was used to evaluate statistical significance with the Student t test or analysis of variance (ANOVA) with Tukey's post hoc analysis.
RESULTS

E4-ORF1
activates the Ras/Mek/Erk pathway. We recently reported proteomic analyses that identified PI3K as a direct E4-ORF1 cellular target (12) . Interestingly, EGFR was also among the candidate E4-ORF1-interacting proteins revealed by that study. This observation together with the fact that, in rodent fibroblasts, E4-ORF1 has the capacity to activate Ras/Mek/Erk signaling (19) , a key EGFR effector pathway, prompted us to examine whether E4-ORF1 dysregulates EGFR in cells.
We initiated this work by comparing the levels of activated, phosphorylated Erk1 and Erk2 (P-Erk1/2) in MCF10A cells stably transduced with either the pBABE retroviral vector carrying wt Ad9 E4-ORF1 (wtORF1 cells) or control empty pBABE (vector cells). Considering the requirement for the E4-ORF1 PBM and/or D2 element in E4-ORF1-induced PI3K and Myc activation (6, 15, 18) , MCF10A cells stably transduced with pBABE harboring the Ad9 E4-ORF1 V125A PBM mutant (V125A cells) or the H93A D2 mutant (H93A cells) were also included in the experiment (15, 18) . Control immunoblots of extracts from the four MCF10A lines showed comparable E4-ORF1 expression levels in wtORF1, V125A, and H93A cells (P ϭ 0.35; n ϭ 3 independent experiments) (Fig. 1A , compare lanes 2 to 4 to lanes 6 to 8) and also a dramatically larger amount of activated, phosphorylated PI3K effector Akt (P-Akt) in wtORF1 cells than in vector, V125A, and H93A cells ( dependence of E4-ORF1-induced PI3K activation (15, 18) . We also observed that in all four cell lines, the EGFR doublet seen at 24 h post-cell plating changed to a single slower-migrating band at 72 h post-cell plating (Fig. 1A , compare lanes 1 to 4 to lanes 5 to 8). Because an antiphosphotyrosine antibody blot revealed lower tyrosine-phosphorylated EGFR (PY-EGFR) levels at 72 h than at 24 h in all four cell lines (data not shown), the slower-migrating EGFR at 72 h post-cell plating was not due to increased tyrosine phosphorylation and was more likely due to an undetermined posttranslational modification(s). More importantly, at 24 h postcell plating in complete medium, 1.9-fold-higher levels of activated, phosphorylated Erk1 and Erk2 (P-Erk1/2) were detected in wtORF1 cells than in vector, V125A, and H93A cells (Fig. 1A , compare lane 2 to lanes 1, 3, and 4). From 24 h to 72 h post-cell plating, P-Erk1/2 levels in control vector cells exhibited an expected precipitous drop due to normal downregulation of growth factor receptor signaling (Fig. 1A , compare lane 1 to lane 5) (34) . Over the same time period, P-Erk1/2 levels likewise precipitously dropped in H93A cells ( . At 72 h post-cell plating, these differential effects resulted in 7.2-fold-or 2.3-foldhigher P-Erk1/2 levels in wtORF1 or V125A cells, respectively, than in H93A and vector cells (Fig. 1A , compare lanes 6 and 7 to lanes 5 and 8). Moreover, treatment of wtORF1 cells with the Mek1/2-specific inhibitor drug U0126 (20 M) (35, 36), but not the control DMSO vehicle, returned the elevated P-Erk1/2 levels to those of vector cells (Fig. 1B , compare lane 3 to lanes 1, 2, and 4). Thus, in MCF10A cells cultured in complete medium, E4-ORF1 stimulates Ras/Mek/Erk signaling and does so by a primarily D2-dependent mechanism enhanced by the PBM, differing from the absolute dual D2/PBM dependence of E4-ORF1-induced PI3K activation.
During an infection of human epithelial cells, Ad5 activates the Ras/Mek/Erk pathway (32), so we wanted to determine whether this activity is shared by other human adenoviruses. Compared to mock-infected MCF10A cells, MCF10A cells infected with representative human Ad serotypes from subgroups A, B, C, and D (Ad12, Ad3, Ad5, and Ad9) displayed high levels of P-Akt, consistent with previously reported findings (4, 12, 16) , and also of P-Erk1/2 ( (32) . Therefore, the activation of the Ras/Mek/Erk pathway is a conserved function of human adenoviruses, similar to the activation of the PI3K/Akt/mTOR pathway (12, 15) .
Given that normal downregulation of growth factor receptor signaling heightened the detection of Erk1/2 activation induced by E4-ORF1 (Fig. 1A) , we hypothesized that this E4-ORF1 activity is mediated by a serum-and growth factor-independent mechanism. To test this idea, we compared P-Erk1/2 levels in vector, wtORF1, V125A, and H93A cells incubated in minimal medium for 0 h, 1 h, 2 h, or 3 h. Surprisingly, replacement of conditioned medium with minimal medium caused a rapid rise in P-Erk1/2 levels in wtORF1 and V125A cells but not in vector and H93A cells (Fig. 1E , compare lanes 5 to 8 and 9 to 12 to lanes 1 to 4 and 13 to 16). This observation may indicate that a factor secreted by MCF10A cells into conditioned medium stimulates autocrine/ paracrine signaling that dampens E4-ORF1-induced Erk1/2 activation. Additionally, despite V125A cells having lower P-Erk1/2 levels than those in wtORF1 cells before the switch to minimal medium at 0 h ( Fig. 1A and E, compare lane 5 to lane 9), the elevated P-Erk1/2 levels achieved by the two cell lines after 1 h of incubation in minimal medium were statistically the same after normalization to actin levels (1.3-fold Ϯ 0.35-fold difference [mean Ϯ SD]; P ϭ 0.29; n ϭ 3 independent experiments) (Fig. 1E , compare lane 6 to lane 10). The slightly elevated actin levels seen in wtORF1 cells were not reproducible (Fig. 1E , compare lanes 5 and 6 to lanes 1 and 2), however, as quantification of data from multiple experiments revealed no statistically significant difference between vector and wtORF1 cells (P ϭ 0.25; n ϭ 5 independent experiments). After 2 h or 3 h of incubation in minimal medium, P-Erk1/2 levels moderately declined in wtORF1 and V125A cells, although in V125A cells, the decline was 3-fold or 2-fold greater, respectively (Fig. 1E , compare lanes 6 to 8 to lanes 10 to 12). These data indicate that E4-ORF1 promotes D2-dependent and serumand growth factor-independent activation of the Ras/Mek/Erk pathway and that the PBM augments this activity, perhaps by antagonizing inhibitory autocrine/paracrine signaling induced by a factor in conditioned medium.
EGFR mediates E4-ORF1-induced activation of the Ras/ Mek/Erk pathway. To test the hypothesis that EGFR mediates Erk1/2 activation induced by E4-ORF1, we employed the EGFRspecific inhibitor drug AG1478 that blocks EGFR tyrosine kinase activity (37) . A control experiment verified that treatment of vector cells with AG1478 (0.5 M), but not DMSO, inhibits acute EGF stimulation-induced autophosphorylation of EGFR (PY-EGFR) and elevation of P-Erk1/2 levels, without affecting EGFR, Erk1/2, or P-Akt levels ( Fig. 2A , compare lane 2 to lane 1). More importantly, in wtORF1 cells either cultured in complete medium or incubated for 1 h in minimal medium, AG1478 but not DMSO decreased the elevated P-Erk1/2 levels to those of control vector cells (Fig. 2B , compare lane 4 to lanes 1 to 3, and C, compare lane 2 to lane 1). In contrast, in wtORF1 cells incubated for 1 h in minimal medium, the PI3K-specific inhibitor drug LY294002 (LY) (100 M), but not DMSO, dramatically reduced P-Akt levels, as expected (12, 16 ), but did not affect P-Erk1/2 levels (Fig. 2C , compare lane 4 to lane 3). These results suggest that E4-ORF1 promotes ligand-independent EGFR activation to mediate Ras/ Mek/Erk signaling.
To determine whether E4-ORF1 also augments ligand-dependent activation of EGFR and Ras/Mek/Erk signaling, we measured PY-EGFR and P-Erk1/2 levels in vector and wtORF1 cells at 15 and 30 min post-EGF stimulation and then calculated the fold increases in the protein levels relative to their levels in each respective cell line prior to EGF stimulation at 0 min. Increases in PY-EGFR levels were comparable in both cell lines at 15 and 30 min post-EGF stimulation (Fig. 3 , compare lanes 1 to 3 to lanes 4 to 6), whereas increases in P-Erk1/2 levels were 1.8-fold higher in vector cells than in wtORF1 cells at 15 min post-EGF stimulation or were comparable in both cell lines at 30 min post-EGF stimulation (Fig.  3 , compare lanes 1 to 3 to lanes 4 to 6). We conclude that E4-ORF1 does not enhance EGF-induced EGFR activation or stimulation of Ras/Mek/Erk signaling in MCF10A cells.
Dlg1 and E4-ORF1 associate with a tyrosine-phosphorylated 170-kDa protein that comigrates with EGFR in a PBM-dependent fashion and with a tyrosine-phosphorylated 120-kDa protein in a dual-D2/PBM-dependent fashion. To assess whether E4-ORF1 binds EGFR in cells, we subjected extracts from the four MCF10A lines to immunoprecipitation (IP) with antibody to Dlg1 or E4-ORF1 and then tested for coimmunoprecipitation (coIP) of EGFR and PY-EGFR. The Dlg1 IP was included because the E4-ORF1 PBM, which mediates binding to Dlg1, augments E4-ORF1 D2-dependent EGFR and Erk1/2 activation ( Fig. 1A and  E) . Despite comparable expression levels of E4-ORF1 and Dlg1 in wtORF1, H93A, and V125A cells (Fig. 4A, lanes 2 to 4) , the Dlg1 IP resulted in coIP of E4-ORF1 only from wtORF1 and H93A cells (Fig. 4A, compare lanes 6 and 7 to lanes 5 and 8) , and the reciprocal E4-ORF1 IP led to coIP of Dlg1 again only from wtORF1 and H93A cells (Fig. 4A, compare lanes 10 and 11 to lanes 9 and 12) , reflecting PBM-dependent formation of E4-ORF1:Dlg1 complexes by wt E4-ORF1 and the H93A D2 mutant but not the V125A PBM mutant (18) .
Significantly, the Dlg1 IP resulted in coIP of EGFR from vector, wtORF1, H93A, and V125A cells (Fig. 4A, lanes 5 to 8) , suggesting that Dlg1:EGFR complexes normally exist in MCF10A cells. Moreover, for wtORF1 and H93A cells only, IP of Dlg1 or E4-ORF1 followed by blotting with antiphosphotyrosine antibody revealed coIP of a tyrosine-phosphorylated 170-kDa protein doublet (PY-p170) that comigrated with EGFR (Fig. 4A , compare lanes 6 and 7 to lanes 5 and 8, and compare lanes 10 and 11 to lanes 9 and 12), and treatment with the EGFR inhibitor AG1478 abolished the PY-p170 doublet (Fig. 4B , compare lane 6 to lane 5). These data suggest the formation of E4-ORF1:Dlg1:EGFR complexes, where PBM-mediated binding of wt E4-ORF1 or H93A to Dlg1 promotes EGFR autophosphorylation to produce PY-EGFR. The fact that we detected coIP of PY-EGFR, but not EGFR (data not shown), with E4-ORF1 suggests that E4-ORF1 associates with a small fraction of Dlg1:EGFR complexes in MCF10A cells and that the phosphotyrosine antibody is more sensitive than the EGFR antibody in immunoblots. The IP of Dlg1 or E4-ORF1 additionally led to coIP of a tyrosine-phosphorylated 120-kDa protein (PY-p120) from only wtORF1 cells (Fig. 4A , compare lane 6 to lanes 5, 7, and 8, and compare lane 10 to lanes 9, 11, and 12). Furthermore, antiphosphotyrosine antibody blots for the entire molecular mass range of proteins recovered by IP of Dlg1 or E4-ORF1 indicated that PY-p170 and PY-p120, as well as PY-p95 (see below), were the only tyrosine-phosphorylated proteins detected in wtORF1 cells but not vector cells (data not shown). Contrary to PY-p170, PY-p120 was unaffected by AG1478 treatment (Fig. 4B , compare lane 6 to lane 5), suggesting that wt E4-ORF1 instead induces EGFR-independent and dual-D2/PBM-dependent tyrosine phosphorylation of this unidentified cellular factor in E4-ORF1:Dlg1:EGFR complexes. The IP assays described above employed cells stimulated with fresh culture medium 15 min prior to cell extract preparation to assess the effects of acute growth factor stimulation on the detection of tyrosine-phosphorylated proteins in complexes; however, similar results were also obtained without this stimulation (data not shown). The data suggest that E4-ORF1 PBM-dependent EGFR autophosphorylation alone is insufficient to activate Erk1/2, as evidenced by the H93A D2 mutant retaining the former but not the latter activity (Fig. 1A and E and 4) . However, because the V125A PBM mutant did not detectably increase EGFR autophosphorylation and also showed a reduced capacity to activate Erk1/2 ( Fig. 1A and E and 4) , we postulate that E4-ORF1 PBM-dependent EGFR autophosphorylation functions to augment E4-ORF1 D2-dependent EGFR and Erk1/2 activation.
E4-ORF1 promotes the association of EGFR with InsR and IGF1R, which dampen EGFR autophosphorylation and stimulation of Ras/Mek/Erk signaling. Given our findings showing ligand-independent EGFR activation by E4-ORF1 and previous reports of cross talk between EGFR and InsR or the related IGF1R (Fig. 1, 2 , and 4) (28), we also investigated whether the latter two receptors influence E4-ORF1-induced, EGFR-mediated Ras/
activation in MCF10A lines cultured in complete medium (CM). The indicated MCF10A lines cultured in complete medium were treated with DMSO or AG1478 (1478) (0.5 M) for 1 h, when extracts were prepared and immunoblotted for the indicated proteins. (C) EGFR is also required for E4-ORF1-induced Erk1/2 activation in MCF10A cells incubated in serum and growth factor-depleted medium. wtORF1 cells cultured in complete medium were incubated in minimal medium (MM) containing either DMSO, LY294002 (LY) (100 M), or AG1478 (0.5 M) for 1 h, when cell extracts were prepared and immunoblotted for the indicated proteins. PY-EGFR was detected as described above for panel A.
FIG 3 E4-ORF1
does not enhance EGF-dependent EGFR and Erk1/2 activation. The indicated MCF10A lines cultured in complete medium were incubated in minimal medium containing EGF (5 ng/ml) for the indicated times, when cell extracts were prepared and immunoblotted for the indicated proteins. PY-EGFR was detected as described in the Fig. 2A legend. Mek/Erk signaling. This effort was initiated by examining whether EGFR interacts with InsR or IGF1R in MCF10A cells. Interestingly, IP of EGFR led to coIP of InsR from wtORF1 and V125A cells but not vector and H93A cells (Fig. 5 , compare lanes 6 and 7 to lanes 5 and 8) and also led to coIP of IGF1R only from wtORF1 cells (Fig. 5 , compare lane 6 to lanes 5, 7, and 8). Thus, in a D2-or dual-D2/PBM-dependent fashion, E4-ORF1 promotes EGFR to form a complex with InsR or IGF1R, respectively. Moreover, IP of E4-ORF1 from wtORF1 but not vector cells led to coIP of a tyrosine-phosphorylated 95-kDa protein (PY-p95) that comigrated with IGF1R but was unaffected by the EGFR inhibitor AG1478 (Fig. 4B , compare lane 6 to lanes 4 and 5), suggesting that E4-ORF1 also associates with activated IGF1R.
To explore the effects of InsR/IGF1R on E4-ORF1-induced, EGFR-dependent Ras/Mek/Erk signaling, we utilized the InsR/ IGF1R-specific inhibitor drug AG1024, which blocks the tyrosine kinase activities of InsR and IGF1R with 50% inhibitory concentrations (IC 50 s) of 57 M and 7 M, respectively (38) . A control experiment confirmed that in MCF10A cells, AG1024 (50 M) but not DMSO or the EGFR inhibitor AG1478 blocks the ability of acute insulin stimulation to elevate the levels of activated, autophosphorylated InsR (PY-InsR) and PY-IGF1R (Fig. 6A , compare lane 3 to lanes 1 and 2) (39). Furthermore, AG1024 or AG1478 reduced P-Akt levels strongly or modestly, respectively, or reduced P-Erk1/2 levels moderately or strongly, respectively (Fig.  6A, compare lanes 2 and 3 to lane 1) , suggesting that in MCF10A cells acutely stimulated with insulin, InsR/IGF1R directly mediates the majority of Akt activation, whereas positive cross talk from InsR/IGF1R to EGFR mediates the majority of Erk1/2 activation.
In contrast, in vector and wtORF1 cells cultured in complete medium, AG1024 but not DMSO instead elevated the levels of both PY-EGFR and P-Erk1/2 ( however, under these conditions, AG1024 increased P-Erk1/2 levels in wtORF1 and V125A cells but not in vector and H93A cells (Fig.  6D, compare lanes 3 to 6 to lanes 1, 2, 7, and 8 , and E, compare lane 3 to lane 1). Moreover, in wtORF1 cells incubated for 1 h in minimal medium, the EGFR inhibitor AG1478 ablated the AG1024-induced elevation of both PY-EGFR and P-Erk1/2 levels (Fig. 6E,  compare lane 3 to lane 4) .
In addition to providing further support for the idea that E4-ORF1 promotes ligand-independent activation of EGFR and Erk1/2 by a mechanism that requires the D2 element, the data shown in Fig. 6B to E reveal negative cross talk from InsR/IGF1R to EGFR in MCF10A cells cultured for an extended time in complete medium or incubated in minimal medium. This finding is consistent with data from a previous report showing that IGF1R downregulates the activation of EGFR and the Ras/Mek/Erk pathway (40) but differs from the positive cross talk from InsR/IGF1R to EGFR observed in MCF10A cells acutely stimulated with insulin (Fig. 6A) . Specifically, our results indicate that InsR/IGF1R negatively regulates EGFR (i) by suppressing EGFR autophosphorylation and (ii) by reducing the capacity of EGFR activated by ligand or by E4-ORF1 to stimulate Ras/Mek/Erk signaling. The first conclusion is supported by data in Fig. 6B , C, and E showing that AG1024 increases PY-EGFR levels in all four cell lines either cultured in complete medium or incubated in minimal medium. The second conclusion is supported by data in Fig. 6B, D , and E showing that AG1024 increases P-Erk1/2 levels only in cell lines incubated with or expressing an EGFR-activating stimulus (i.e., ligand, wt E4-ORF1, or the V125A mutant). Because Erk1/2 was not activated in vector and H93A cells incubated in minimal medium (Fig. 1E) , and AG1024 treatment elevated PY-EGFR but not P-Erk1/2 levels ( Fig. 6C and D, lanes 1, 2, 7 , and 8), we additionally conclude that like E4-ORF1 PBM-dependent EGFR autophosphorylation (Fig. 4A) , AG1024-induced EGFR autophosphorylation alone is insufficient to trigger EGFR activation capable of stimulating Ras/Mek/Erk signaling. Also like E4-ORF1 PBM-dependent EGFR autophosphorylation, we postulate that AG1024-induced EGFR autophosphorylation functions to enhance E4-ORF1 D2-dependent EGFR-mediated Erk1/2 activation.
E4-ORF1 promotes constitutive, serum-and growth factorindependent Myc expression. Thai et al. reported previously that Ad5 E4-ORF1 binds and activates Myc, as well as elevates Myc protein levels, to increase viral DNA replication by stimulating nucleotide biosynthesis (6) . Moreover, previous studies showed that the activation of EGFR or IGF1R, as well as the Ras/Mek/Erk or PI3K/Akt/mTOR pathway, upregulates Myc expression (E) InsR/IGF1R dampens EGFR-mediated Erk1/2 activation induced by E4-ORF1. wtORF1 cells cultured in complete medium were incubated in minimal medium containing DMSO or either AG1478 (0.5 M) or AG1024 (50 M) alone or in combination for 1 h, when cell extracts were prepared and immunoblotted for the indicated proteins. PY-EGFR was detected as described in the Fig. 2A legend. (41-43). These findings prompted us to investigate whether Ad9 E4-ORF1 likewise dysregulates Myc protein expression in MCF10A cells and, if so, whether EGFR, InsR/IGF1R, Mek1/2, and/or PI3K is required for this activity. We first compared total Myc protein levels in vector, wtORF1, V125A, and H93A cells either cultured in complete medium or incubated in minimal medium. At 24 h post-cell plating in complete medium, Myc expression was 2.3-fold Ϯ 0.23-fold lower in wtORF1 cells than in vector, V125A, and H93A cells (P ϭ 0.013; n ϭ 3 independent experiments) (Fig. 7A, compare lane 5 to lanes 1, 9, and 13) . Nonetheless, upon further normal downregulation of growth factor receptor signaling at 72 h post-cell plating in complete medium, Myc expression was instead 1.8-fold higher in wtORF1 cells than in vector cells (Fig. 7B, compare lane 2 to lane 1) . Moreover, at 24 h post-cell plating in complete medium, the cell lines shown in Fig.  7A were incubated in minimal medium for 1 h, 2 h, or 3 h, at which time the Myc expression levels dropped precipitously to nearly undetectable levels in vector, V125A, and H93A cells (Fig. 7A,  compare lanes 4, 12, and 16 ) yet were sustained in wtORF1 cells at 13-fold-Ϯ 4.9-fold-higher levels than in vector cells (P ϭ 0.016; n ϭ 3 independent experiments) (Fig. 7A, compare lane 8 to lane  4) . These data importantly show that by a dual-D2/PBM-dependent mechanism, Ad9 E4-ORF1 promotes constitutive and serum-and growth factor-independent Myc protein expression. Constitutive Myc expression induced by E4-ORF1 depends on EGFR and InsR/IGF1R activity as well as PI3K activation mediated by the Dlg1:E4-ORF1:PI3K ternary complex. We next determined whether E4-ORF1-induced constitutive Myc expression in wtORF1 cells incubated in minimal medium for 3 h requires the tyrosine kinase activity of EGFR or InsR/IGF1R, the protein kinase activity of Mek1/2, or the lipid kinase activity of PI3K. The results revealed that Myc expression is dramatically reduced in wtORF1 cells incubated for 3 h in minimal medium containing an inhibitor of EGFR (AG1478), InsR/IGF1R (AG1024), Mek1/2 (U0126), or PI3K (LY) but not DMSO (Fig. 7C , compare lanes 2 to 4 to lane 1, and compare lane 6 to lane 5). In contrast, in both vector and wtORF1 cells cultured in complete medium, Myc expression was unaffected by 1 h of treatment with AG1478 or U0126, similarly to DMSO (Fig. 7D, compare lanes 1 and 3, lanes  5 and 8, lanes 9 and 10, and lanes 11 and 12) , but was diminished by 1 h of treatment with either AG1024 or LY (Fig. 7D, compare  lanes 2 and 4 to lane 1, and compare lanes 6 and 8 to lane 5) . The latter negative results with AG1478 and U1026 in cell lines cultured in complete medium are specific because constitutive Myc expression in wtORF1 cells incubated for 3 h in minimal medium was also diminished by 1 h of treatment with either AG1478 or U0126 but not DMSO (Fig. 7E, compare lane 2 to lane 1, and  compare lane 4 to lane 3 ). These data demonstrate specific roles for EGFR and Ras/Mek/Erk signaling in constitutive Myc protein expression induced by E4-ORF1. Thus, while Myc expression sustained by serum and growth factors in MCF10A lines requires the activities of InsR/IGF1R and PI3K but not the activities of EGFR or Erk1/2, E4-ORF1-induced constitutive Myc expression requires all four activities. These findings may indicate that to sustain Myc expression in MCF10A lines cultured in complete medium, EGFR and Ras/Mek/Erk signaling are functionally redundant with other undetermined growth factor receptors and downstream signaling pathways. However, in wtORF1 cells cultured in minimal medium, the absence of serum growth factors precludes the activation of other growth factor receptors, making E4-ORF1-induced EGFR and Ras/Mek/Erk activation essential to sustain Myc expression.
Given the requirement of PI3K for E4-ORF1-induced constitutive Myc expression (Fig. 7C ) and the established role of Dlg1 in E4-ORF1-induced PI3K activation (12, 16, 19) , we reasoned that E4-ORF1-induced constitutive Myc expression likewise depends on Dlg1. Our data revealed that E4-ORF1-induced constitutive Myc expression in wtORF1 cells, at 72 h post-plating in complete medium (Fig. 7B) , is diminished by shRNA-mediated Dlg1 depletion but not by the control scrambled shRNA and also that Dlg1 depletion reduces P-Akt levels, as expected, without affecting P-Erk1/2 levels (Fig. 7F , compare lane 2 to lane 1). In addition to showing that Dlg1 is not absolutely required for E4-ORF1-induced Erk1/2 activation, the results indicate that E4-ORF1-induced constitutive Myc expression depends on PI3K activation mediated by the Dlg1:E4-ORF1:PI3K ternary complex. Because Dlg1 normally functions to reduce Myc expression by negatively regulating PI3K activation (44), we postulate that E4-ORF1 promotes Myc expression, in part, by converting Dlg1 from a negative to a positive regulator of PI3K activation.
DISCUSSION
Novel findings reported in this study demonstrate that the Ad9 E4-ORF1 protein promotes constitutive Myc protein expression in human MCF10A cells by a mechanism requiring the tyrosine kinase activities of EGFR and InsR/IGF1R and the lipid kinase activity of PI3K. A model for the molecular mechanism of this novel E4-ORF1 function is illustrated in Fig. 8 (steps 1 to 8) .
In step 1, Dlg1 and EGFR normally exist as a Dlg1:EGFR complex in human epithelial cells (Fig. 4) . In step 2, after the acute phase of EGF stimulation, negative cross talk from constitutively dimeric InsR/IGF1R downregulates EGFR autophosphorylation and Ras/Mek/Erk signaling ( Fig. 2C and 6B to E). One possibility is that InsR/IGF1R induces EGFR phosphorylation on the inhibitory tyrosine residues Y992, Y1045, and/or Y1173, which suppress Erk1/2 signaling by recruiting cellular phosphatases or ubiquitin ligase to EGFR (45) . Because an inhibitory factor(s) in conditioned medium may dampen EGFR activation and signaling (Fig. 1E) , we hypothesize that this factor is the InsR/IGF1R ligand IGF-1 or -2, the latter of which is expressed in MCF10A cells (46) . In step 3, E4-ORF1 binds the Dlg1:EGFR complex (Fig. 4) . Either D2 or the PBM may suffice to mediate the association of E4-ORF1 with the Dlg1:EGFR complex because, as discussed below for subsequent steps, D2 induces EGFR to activate Erk1/2 ( Fig. 1A and E) , and the PBM induces EGFR autophosphorylation (Fig. 4A) , supporting the idea that D2-or PBM-mediated E4-ORF1 binding to the Dlg1:EGFR complex can promote EGFR dimerization and activation of EGFR tyrosine kinase activity. In a D2-or dual-D2/ PBM-dependent fashion, E4-ORF1 also causes EGFR to associate with InsR or IGF1R, respectively (Fig. 5) , resulting in the formation of a postulated E4-ORF1:Dlg1:EGFR:InsR:IGF1R quinary complex. In step 4, in a D2-dependent fashion, E4-ORF1 triggers ligand-independent EGFR activation that stimulates Ras/Mek/ Erk signaling (Fig. 1A, B , and E and 2C), presumably by inducing EGFR autophosphorylation on tyrosine residues Y1068, Y1086, and/or Y1148, which is known to stimulate this pathway (45) . Because E4-ORF1 interacts with only a small fraction of Dlg1: EGFR complexes in cells (Fig. 4A) , the level of D2-dependent EGFR autophosphorylation is presumably below our level of detection, as we failed to detect coIP of PY-EGFR with the V125A PBM mutant (Fig. 4A) , which induced EGFR-dependent Erk1/2 activation (Fig. 1A and E and 6D) . In step 5, E4-ORF1 PBMdependent binding to Dlg1 in quinary complexes also triggers EGFR autophosphorylation (Fig. 4) . Because the PBM is required for EGFR autophosphorylation and augmentation of D2-dependent Erk1/2 activation (Fig. 1A and E and 4) , we postulate that, similar to the InsR/IGF1R inhibitor AG1024, the PBM antagonizes InsR/IGF1R-mediated EGFR suppression, thereby increasing EGFR autophosphorylation in quinary complexes and, in so doing, enhancing the capacity of D2-dependent EGFR activation to stimulate Ras/Mek/Erk signaling. PBM-dependent EGFR autophosphorylation alone is insufficient to activate Erk1/2 ( Fig. 1A and E, 4, and 6D), so this phosphorylation presumably occurs on EGFR tyrosine residues distinct from those that mediate Ras/Mek/ Erk signaling. The association of E4-ORF1 with only a small fraction of Dlg1:EGFR complexes also would explain our detection of increased PY-EGFR levels in quinary complexes but not in total extracts of wtORF1 and H93A cells versus vector and V125A cells (Fig. 1E, 3 , and 6C and data not shown). For step 6, we hypothesize that in Ad-infected cells, E4-ORF1 likewise activates EGFR, which in turn stimulates Ras/Mek/Erk signaling, a conserved Ad function required for optimal viral protein expression and virion production (Fig. 1C) (32) . Similarly, the Dlg1:E4-ORF1:PI3K ternary complex activates the PI3K/Akt/mTOR pathway (12, 16) , which in Ad-infected cells enhances cell cycle progression, viral protein translation, and virion production (4, 5) . As Dlg1 is present in both ternary and quinary complexes, we plan to investigate whether quinary complexes associate with a subset of ternary complexes to form a single supramolecular signaling complex. In step 7, E4-ORF1-induced signaling from EGFR/Ras/Mek/Erk, PI3K/Akt/mTOR, and undetermined InsR/IGF1R effector pathways additionally acts in concert to mediate constitutive Myc protein expression (Fig. 7) (6) . Considering the shared dual D2/PBM dependence of E4-ORF1-induced (i) EGFR associations with IGF1R, (ii) p120 tyrosine phosphorylation, and (iii) constitutive Myc expression (Fig. 4, 5 , and 7A), we envision that E4-ORF1 within quinary complexes activates IGF1R by inducing autophosphorylation on tyrosine residues (Fig. 4B) and that activated IGF1R in turn phosphorylates p120, which contributes to constitutive Myc expression. For step 8, we hypothesize that E4-ORF1-induced constitutive Myc protein expression ensures the formation of optimal numbers of nuclear E4-ORF1:Myc complexes, which stimulate anabolic glucose metabolism and nucleotide biosynthesis, thereby enhancing Ad DNA replication and virion production in infected cells (6) . Future studies will investigate the roles for these novel E4-ORF1 activities in Ad-infected normal human epithelial cells. As EGFR, InsR, IGF1R, and Myc are dysregulated in many human cancers (47) (48) (49) , it will also be impor-tant to determine whether these cellular factors contribute to E4-ORF1-induced cellular transformation and tumorigenesis.
Our findings reveal two distinct InsR/IGF1R functions: (i) downregulation of EGFR autophosphorylation and EGFR-mediated Ras/Mek/Erk signaling and (ii) upregulation of Myc expression. We envision that E4-ORF1 antagonizes the first function to promote the second by redirecting InsR/IGF1R activity to quinary complexes, where activated InsR/IGF1R acquires the capacity to stimulate an undetermined signaling pathway(s) that contributes to constitutive Myc expression. While E4-ORF1 promoted the association of both InsR and IGF1R with EGFR, E4-ORF1 associated with PY-IGF1R but not PY-InsR (Fig. 4B and data not  shown) . These findings may indicate that E4-ORF1 activates InsR kinase activity without a concomitant increase in InsR autophosphorylation, similar to the effect observed by overexpression of certain caveolin subtypes in cells (50) .
Numerous pathogenic human viruses usurp EGFR or the Ras/ Mek/Erk pathway to facilitate virus entry, replication, assembly, host immune surveillance evasion, inflammation, pathogenesis, and transmission (29, 51) . In Ad-infected cells, the immediate early Ad E1A transcriptional activator downregulates EGFR, an effect hypothesized to isolate virus-infected cells from host-specific signals such as the EGFR-dependent induction of the neutrophil chemoattractant interleukin-8 (IL-8) (29, 52) . In contrast, our results showed that Ad E4-ORF1, the expression of which depends on E1A in Ad-infected cells, binds and activates EGFR (Fig. 2B and C and 4) , revealing opposing functional effects of these two Ad proteins on EGFR. Furthermore, Ad5 induces biphasic activation of the Ras/Mek/Erk pathway, with the first phase being triggered at the initial step of infection by virion binding to host ␣V integrin coreceptors at the cell surface and the second phase being induced at the late stage of infection by an undetermined Ad protein (32, 53) . In this study, we demonstrated that the second phase of Ras/Mek/Erk signaling is a conserved function of EGFR and Dlg1 form a Dlg1:EGFR complex at the plasma membrane. When activated by ligand, EGFR autophosphorylates tyrosine (Y) residues that directly mediate Ras/Mek/Erk signaling (black) and also those that augment Ras/Mek/Erk signaling (white). InsR/IGF1R activated by ligand specifically downregulates EGFR autophosphorylation on white Y residues that augment Ras/Mek/Erk signaling. (B) E4-ORF1 assembles two different protein complexes at the plasma membrane to activate three separate signaling pathways. E4-ORF1 forms the E4-ORF1:Dlg1:EGFR:InsR:IGF1R quinary complex by binding to the Dlg1:EGFR complex and promoting EGFR dimerization and EGFR association with InsR and IGF1R. In the quinary complex, the E4-ORF1 D2 element promotes EGFR autophosphorylation on black Y residues to activate Ras/Mek/Erk signaling, whereas the E4-ORF1 PBM via binding to Dlg1 enhances the latter signaling by antagonizing InsR/IGF1R-mediated suppression of EGFR autophosphorylation on white Y residues. An additional consequence of E4-ORF1 forming the quinary complex is activation of InsR/IGF1R (denoted by asterisks) and undetermined downstream signaling pathways. E4-ORF1 also binds both Dlg1 and PI3K to form the Dlg1:E4-ORF1:PI3K ternary complex, which activates the PI3K/Akt/mTOR pathway. (C) The three signaling pathways (Ras/Mek/Erk, InsR/IGF1R, and PI3K/Akt/mTOR) activated by E4-ORF1 converge in the nucleus to promote constitutive Myc expression, which enhances Ad replication by ensuring the formation of sufficient quantities of E4-ORF1:Myc complexes to stimulate anabolic glucose metabolism and nucleotide biosynthesis. See the text for details about steps 1 to 8 in the model.
human Ad (Fig. 1C and D) and also that E4-ORF1 expression alone in cells is sufficient to activate this pathway in an EGFRdependent manner (Fig. 1A and E and 2B and C). A future study will investigate whether E4-ORF1 represents the undetermined viral protein responsible for the second phase of Ras/Mek/Erk signaling required for optimal Ad protein expression and virion production in Ad-infected cells (32) . Multiple DNA virus proteins, including Ad E1A and E4-ORF1, are reported to increase Myc expression (6, (54) (55) (56) (57) . Here we showed that E4-ORF1 sustains Myc protein expression in human epithelial cells cultured in serum and growth factor-depleted medium and that this novel E4-ORF1 function is mediated by the combined activities of EGFR, InsR/IGF1R, and PI3K (Fig. 7) . While the role of E4-ORF1-induced constitutive Myc expression in the Ad life cycle was not determined, it may be pertinent that during the late phase of infection, Ad shuts off host gene expression to promote high levels of late viral protein synthesis by blocking the export of cellular mRNAs from the nucleus and their translation in the cytoplasm (1). Thus, an intriguing possibility is that host shutoff in Ad-infected normal human epithelial cells abolishes cellular Myc expression and that E4-ORF1 functions in part to sustain Myc expression under these conditions, thereby allowing the formation of E4-ORF1:Myc complexes that enhance viral DNA replication and virion production.
